-Sodium/ potassium/chloride cotransporter (NKCC1) proteins play important roles in Na ϩ and K ϩ concentrations in key physiological systems, including cardiac, vascular, renal, nervous, and sensory systems. NKCC1 levels and functionality are altered in certain disease states, and tend to decline with age. A sensitive, effective way of regulating NKCC1 protein expression has significant biotherapeutic possibilities. The purpose of the present investigation was to determine if the naturally occurring hormone aldosterone (ALD) could regulate NKCC1 protein expression. Application of ALD to a human cell line (HT-29) revealed that ALD can regulate NKCC1 protein expression, quite sensitively and rapidly, independent of mRNA expression changes. Utilization of a specific inhibitor of mineralocorticoid receptors, eplerenone, implicated these receptors as part of the ALD mechanism of action. Further experiments with cycloheximide (protein synthesis inhibitor) and MG132 (proteasome inhibitor) revealed that ALD can upregulate NKCC1 by increasing protein stability, i.e., reducing ubiquitination of NKCC1. Having a procedure for controlling NKCC1 protein expression opens the doors for therapeutic interventions for diseases involving the mis-regulation or depletion of NKCC1 proteins, for example during aging.
NKCC1; Na ϩ -K ϩ -2Cl Ϫ -cotransport protein; pathway regulation; steroid hormone; aging; physiological systems; therapeutics PROPER REGULATION OF IONIC concentrations is necessary for optimal performance of the body's physiological systems. The Na ϩ -K ϩ -2Cl Ϫ cotransport protein (e.g., NKCC1) is a key membrane molecule that moves Na ϩ , K ϩ , and Cl Ϫ into and out of cells for proper physiological function (39) . Its properties have been studied in the cardiovascular system, including regulation of salt concentration, cell volume, and maintenance of cellular homeostasis in response to osmotic and oxidative stress functions in cardiomyocytes and vascular smooth muscle (26) . NKCC1 is also involved in regulation of blood pressure and left ventricular pressure (20, 34) . In particular, Jiang et al. (28) found that aldoterone (ALD) increases NKCC1 activity in conjunction with heart failure, but the mRNA expression levels do not change, suggesting posttranslational modifications. The human gene locus for NKCC1 has been identified as 5q23. 3 and is encoded by Slc12a2 in mouse (9) . NKCC1 also plays key roles in renal physiology and fluid ionic regulation. For instance, in response to reductions in intracellular chloride concentrations, Ste20-related proline-alanine-rich kinase (SPAK) phosphorylates NKCC1 to elevate cotransporter activity and raise chloride influx (12, 53) . Oxidative stress response kinase 1 (OSR1) also phosphorylates and activates NKCC1 in the presence of oxidative stress (51) . Therefore, because of its important physiological functions, mis-regulation or deficiencies in the expression or distribution of NKCC1 isoforms in kidney epithelial cells can have negative physiological consequences.
For sensory systems, the cochlea, a specialized organ of the auditory sensory system, critically depends on the presence of NKCC1 transporters in epithelial cells of its lateral wall, particularly in the basolateral plasma membrane of stria marginal cells (57, 59) where endolymph is made, an unusual, K ϩ -rich fluid. The endocochlear potential (EP), of the endolymph is the physiological "battery" providing power to the auditory transduction receptors, or hair cells, epithelial cells of the inner ear that convert sound into the code of the nervous system (43, 45, 46) . The critical physiological role of NKCC is supported by evidence indicating that furosemide blocks NKCC1 function in the cochlea, causing hearing loss or balance deficits, resulting from impaired endolymph production and EP declines (45) (46) (47) . Furosemide is a loop diuretic used clinically for the treatment of congestive heart failure and edema by reducing NKCC activity in epithelial cells of the kidney. The findings of Schmiedt et al. (48) suggest that since the EP declines with age in the mammalian cochlea, reductions in the expression or functionality of NKCC1 proteins in epithelial cells of the cochlear lateral wall play a role in agerelated hearing loss, presbycusis (10) .
Initial studies report that NKCC1 proteins are also expressed in the nervous system. They can be found in the apical membrane of the choroid plexus, in perikarya of certain central nervous system (CNS) neurons, in oligodendrocytes, and in dorsal root ganglion sensory neurons of the peripheral nervous system (20, 25) . It is known, for example, that the relative expression levels of NKCC1 and NKCC2 determine whether neuronal responses to gamma amino butyric acid (GABA), an important neurotransmitter, are excitatory (depolarizing) or inhibitory (hyper-polarizing) in the CNS (7) . The relative protein expression levels and corresponding neurophysiological responses that they determine change during neuronal development, including olfactory bulb neuronal migration (25, 32) , and during peripheral sensory nerve regeneration follow-ing sectioning of the mouse sciatic nerve in vivo (40) . Also, since GABA is a prevalent neurotransmitter that modifies neuronal excitability, altered NKCC1 regulation has been implicated in cases of epilepsy (12) .
A number of serious and prevalent diseases involve disorders and pathologies of epithelial cells. Specifically, in respiratory epithelial cells, NKCC1 resides in the basolateral membrane of salivary gland and epithelial cells lining the airways. In the gastrointestinal tract, NKCC1 is found in the inner medullary collecting duct cells, and rectal gland cells, thus allowing efficient salt and water secretion and reabsorption and volume regulation (26, 43) . Disruption of the NKCC1 system can be significant for these physiological systems. For example, cystic fibrosis, a debilitating lung disease that also affects the kidneys, liver, and intestine, is characterized by abnormal transport of Na ϩ and Cl Ϫ across epithelial cells, leading to thick, viscous secretions and serious respiratory ailments, and its mechanisms have been investigated utilizing HT-29 epithelial cells (3, 4, 37) .
Precise control of NKCC1 expression and function would have pharmaceutical and biotherapeutic implications, given the important roles that NKCC1 proteins play in key physiological systems, including cardiac, vascular, renal, hepatic, and sensory. Thus an understanding of NKCC1 regulatory pathways is significant, in light of potentially new treatments for the disorders described above.
Initial investigations have implicated the mineralocorticoid, steroid hormone ALD synthesized in the glomerulosa of the adrenal gland, as a regulator of NKCC1. For instance, when adrenalectomized rats received a multiday treatment of ALD, there was a 63% increase in NKCC1 activity as measured by bumetanide-sensitive efflux of 86 Rb for vascular smooth aortic muscle (28) . Interestingly, application of ALD did not elevate NKCC1 transcripts as determined by real-time polymerase chain reaction. Additionally, NKCC1 knockout mice have deficient or abnormal responses to ALD (30, 57) .
It not yet clear whether ALD regulates NKCC1, or vice versa, which is part of the motivation in carrying out the present investigation. ALD can exert its action by binding to mineralocorticoid receptors (type I) to form a complex that interacts with nuclear DNA to exert gene transcription and protein synthesis (40, 56 ). The present study tested the hypothesis that ALD can directly and precisely increase NKCC1 expression.
METHODS
Cell culture and buffers. Human colon adenocarcinoma epithelial HT-29 cells (obtained from the laboratory of Dr. Edward Seto, Moffitt Cancer Res. Center, Tampa FL) were utilized in the present investigation, since they express NKCC1, which can be effectively detected in these cells using straightforward protein techniques (more complicated procedures involving manipulation of transfected constructs not necessary), and since previous reports have demonstrated HT-29 utility for being a representative epithelial cell line for investigations of cell signaling and transductional factors and pathways (7) . These include, for example, studies of COMM domain-containing protein 1, which is involved in NKCC1 ubiquitination and transcriptional regulation of epithelial Na ϩ channels (ENaC) located in the apical membrane of polarized epithelial cells, in particular, cells in the colon, kidney, and lung, by ALD (6, 15, 52) . HT-29 cells were grown in DMEM media (Invitrogen, Carlsbad CA) with 10% FBS and antibiotics. Cells were grown in a humidified 95%-5% CO 2 incubator at 37°C. Experiments were performed at 70 -80% confluence. 86 Rb uptake. Similar to previous studies of NKCC1 activity (19) , cells were plated on six-well dishes and incubated at 37°C/5% CO 2 until confluent. For the uptake, cells were first washed twice with 1 ml of isosmotic saline (140 mM NaCl, 5 mM KCl, 2 mM CaCl 2, 0.8 mM MgSO 4, 5 mM glucose, 5 mM HEPES buffered to pH 7.4, and 300.5 mosM). Cells were then preincubated for 15 min in 1 ml of the same isosmotic saline plus 1 mM ouabain (Sigma) Ϯ 20 M bumetanide (Sigma, St. Louis MO). The preincubation solution was then aspirated and replaced with an identical solution containing 1 Ci of 86 Rb and 1 mM ouabain Ϯ 20 M bumetanide. Four 5-ul aliquots of flux solution were sampled at the beginning of each 86 Rb uptake condition and used as standards. After a 20-min uptake, the radioactive solution was aspirated, and the cells were washed three times with 1 ml of ice-cold solution, lysed for 1 h with 500 l of 0.25 N NaOH, and neutralized with 250 l of glacial acetic acid. 86 Rb tracer activity was measured by using 150 l of lysate for y-scintillation counting. NKCC1 flux was expressed in millimoles of K ϩ per micrograms of protein per minute.
Relative quantitative RT-PCR. Total RNA was extracted using the RNAeasy Mini Kit (Qiagen, Valencia CA). Quantitative reverse transcription-polymerase chain reaction (qRT-PCR) was performed using two methods: per manufacturer's suggestion using the Enhanced Avian HS RT-PCR-100 Kit (HSRT20; Sigma) and the Fast Real-Time PCR System with their SYBR Green PCR Master Mix (7900HT; Applied Biosystems, Carlsbad CA). Primers used for qRT-PCR were as follows: ␤-actin, 5=-CCTGGCACCCAGCACAAT (sense) and 5=-GGGCCGGACTCGTCATAC (antisense); and NKCC1, 5=-ACCTTCGGCCACAACACCATGGA (sense) and 5=-ACCACAG-CATCTCTGGTTGGA (antisense). The semiquantitative qRT-PCR reaction took place at 45°C for 50 min. The competition between primer sets was excluded by adjusting the reaction condition. Then, the primer products were PCR amplified directly. A first cycle of 10 min at 95°C, 45 s at 65°C, and 1 min at 72°C was followed by 45 s at 95°C, 45 s at 65°C, and 1 min at 72°C for 25 cycles. The conditions were chosen so that the RNAs analyzed were in the exponential phase of amplification. Each set of reactions always included a no-sample negative control. We usually performed a negative control containing RNA instead of cDNA to rule out genomic DNA contamination.
The real-time RT-PCR reaction mixture was prepared using the SYBR-Green PCR Master Mix. Thermal cycling conditions were the same as in the semiquantitative method. Amplification specificity was checked using melting curves. Both negative and positive controls were included in each PCR reaction. All assays were carried out three times as independent PCR runs for each cDNA sample. Gene expression was referenced to the expression of ␤-actin as the housekeeping gene. Each gene expression level was normalized with respect to ␤-actin mRNA content. Calculations of expression were performed with the 2⌬⌬CT method (5).
Western blot. Cell lysates were prepared in RIPA buffer (Pierce 89901; Thermo Scientific, Waltham, MA) with protease inhibitor cocktail (78430; Thermo Scientific). Cell samples were homogenized in buffer, followed by centrifugation at 2,000 rpm for 10 min at 4°C. Supernatants were subjected to Western blot analysis by loading 200 g of protein per lane, after the protein concentrations were determined by Bradford protein assay. Proteins were fractionated by SDS-PAGE gel electrophoresis and transferred to a PVDF blotting membrane (Whatman, Piscataway, NJ). The blot was incubated with primary antibodies against ␤-actin and Na-K-2Cl cotransport protein (Cell Signaling, Danvers MA); primary antibodies for p-SGK1, SGK1, pNedd4 -2, and Nedd4 -2 were utilized (concentration 1:1,000). The secondary antibody was horseradish peroxidaseconjugated goat anti-rabbit IgG (1:2,000; Cell Signaling).
Tl-uptake in single cells for the detection of NKCC1 activity. To measure NKCC1 activity, we used a fluorescence assay to assess cotransporter activity in single isolated HT-29 cells (9, 21, 59 ). HT-29 cells were incubated at 37°C/5% CO2 for 24 h before use. For the uptake experiment, thallium was used as the tracer for the K (FluxORTM Thallium Detection Kits; Invitrogen). Cells were first loaded with the thallium-sensitive FluxORTM dye (1ϫ) in a hypotonic (275.5 mosM) low chloride solution (125 mM NaMeSO 3, 2 mM KCl, 2 mM CaCl2, 0.8 mM MgSO4, 5 mM glucose, and 20 mM HEPES) plus 1ϫ PowerLoad concentrate and 2.7 mM probenecid (supplied by the kit) for 90 min. The loading solution was then aspirated, and cells were washed three times with the same solution to remove excess dye. Cells were then preincubated for 10 min using 1 ml of the same saline containing 1 mM ouabain and 2.7 mM probenecid in the presence or absence of 20 M bumetanide (Sigma). For the detection of fluorescence, the preincubation solution was removed, and the cells were treated with a 340.5 mosM hypertonic stimulus solution containing the following (in mM): (2.8 TlSO 4, 140 NaCl, 2 KCl, 2 CaCl2, 0.8 MgSO4, 5 glucose, 20 HEPES, 27 sucrose, 1 ouabain, and 2.7 probenecid) in the presence or absence of 20 M bumetanide. Images were made using a ϫ40X objective inverted florescent microscope at 488-nm excitation wavelength. HT-29 cells were loaded with the thallium-sensitive dye FluxOR (Invitrogen). FluxOR fluorescence (excitation/emission: 488/525 nm) was recorded after 90 s upon addition of 2.8 mM TlSO 4 to the external medium. The difference between the two measurements, made with and without bumetanide treatment, represents the bumetanide-sensitive component of the Tl ϩ uptake, mediated by NKCC1. Immunoprecipitation (autoubiquitination assay) and western blot analysis. An autoubiquitination assay was followed (20) . Cell extracts were prepared in a modified radioimmunoprecipitation assay 1 (RIPA) buffer, containing the following (in mM): 50 Tris·HCl at pH 7.4, 150 NaCl, 1 EDTA, and 1 dithiothreitol with 1% Nonidet P-40, 0.1% SDS; in a 1:200-diluted protease inhibitor cocktail (Sigma), containing the following (in mM): 1 PMSF, 10 NEM, and 0.1 iodoacetamide. Immunoprecipitations were accomplished using a rabbit polyclonal anti-NKCC1 antibody (Cell Signaling). Antibody was bound to lysate with endogenous NKCC1, and then beads were added. Bound proteins were eluted in 1ϫ SDS sample buffer, fractionated on an SDS-polyacrylamide gel, transferred onto a PVDC membrane (GE Healthcare, Piscataway, NJ), and immunoblotted with anti-ubiquitin antibody visualized using enhanced chemiluminescence detection reagents (Pears, Shelton CT) according to the manufacturer's instructions. Immunoblotting with anti-ubiquitin antibody was performed as described above.
Sources. Chloroquine, an agent that impairs lysosomal acidification (lysosome inhibitor), MG-132 (proteasome inhibitor), cycloheximide (translation inhibitor), and GSK650394 (SGK inhibitor) were purchased from Sigma (St. Louis, MO). The polyclonal antibodies to NKCC1 and ␤-actin were purchased from Cell Signaling (Cambridge, MA); and the polyclonal antibodies to p-SGK (Thr256) and SGK from Santa Cruz (Dallas, TX). The polyclonal antibodies to pNedd4 -2 (S328), Nedd4 -2, and LAMP2 were purchased from Abcam (Cambridge, MA), and the polyclonal antibody to LC3 was purchased from Novus Biologicals (Littleton, CO).
Statistical analysis. Images from films were imported into Adobe Photoshop (v 5.0), and further processed using Adobe Photoshop CS and ImageJ (National Institutes of Health) for the densitometry analysis. Data are reported as means Ϯ SD. Statistical analyses were performed with PRISM 4.0 (GraphPad Software, San Diego CA). Differences were analyzed with a one-or a two-way repeatedmeasures ANOVA as appropriate or a two-way ANOVA followed by Bonferroni post hoc analyses that were corrected for multiple comparisons. Values of P Ͻ 0.05 were considered significant.
RESULTS
ALD induced a sustained induction of NKCC1. ALD treatment upregulated NKCC1 protein activity and expression levels, which remained relatively stable for over 12-24 h of treatment (Figs. 1, A and B) . This upregulation took effect within the first 2 h of ALD treatment (1 M; Fig. 1C ). The threshold of NKCC1 induction was quite sensitive, as there was a significant response at ϳ10 pM (Fig. 1D) . Further, simultaneous treatment with ALD (1 M) and eplerenone (20 M), a mineralocorticoid receptor antagonist, prevented the ALD upregulation of NKCC1 protein expression (Fig. 1E) .
The increase of NKCC1 protein expression by ALD is not associated with mRNA induction but is mediated by mineralocorticoid receptors. We investigated whether the increased protein expression of NKCC1 was tied to elevated mRNA levels by using RT-PCR. Both methods utilized here resulted in similar findings: there was no mRNA change with ALD stimulation (Fig. 2) . These results indicate that the ALD-induced increase of NKCC1 protein expression is associated with the activation of mineralocorticoid receptors by ALD.
ALD enhances the stability of NKCC1 protein. We discovered that ALD increases NKCC1 protein levels, whereas induction of NKCC1 mRNA synthesis is absent. The regulation of intracellular protein levels is highly dependent on two factors: ribosomal protein synthesis, which is associated with mRNA levels; and posttranslational modification, which is independent of transcriptional activation and translational regulation. To explore the possibility that posttranslational modification is the mechanism by which ALD exerts its effects, cells were treated with cycloheximide, a translation inhibitor, for 3, 6, or 9 h. The results show that in the presence of ALD (1 M) the decline of NKCC1 protein levels was much slower in response to cycloheximide, relative to the nontreated cells (Fig. 3) .
Cells were then treated with MG132 (20 g/ml) to inhibit the ubiquitination of NKCC1 protein. Specifically, in the presence of MG132, proteins that are polyubiquitinated will accumulate intracellularly, often as aggregates. This accumulated pool is typically nonfunctional. The effect of ALD on NKCC1 expression was mimicked by MG132, suggesting that ALD reduces proteasomal degradation of NKCC1. Interestingly, when combining ALD with MG132 treatments, the increased level of NKCC1 protein expression was the same as the ALD or MG132 treatments alone (Fig. 4A) .
Next, global protein translation was inhibited with cycloheximide, while simultaneously treating with MG132 and ALD. In the presence of cycloheximide, the joint effect of ALD and MG132 did not increase the NKCC1 stability relative to either ALD or MG132 treatments alone (Fig. 4B) . Apparently, ALD promotes NKCC1 protein stability and subsequently enhances its accumulation in cells by preventing posttranslational modifications involving ubiquitination of NKCC1.
Ubiquitination, but not the lysosome pathway, is involved in NKCC1 induction by ALD. A parallel experiment was performed with chloroquine (CQ), a lysosome inhibitor, to exclude the possibility that prolonged MG-132 treatment depleted free ubiquitin by nonspecific inhibition of lysosome degradation of NKCC1 and to confirm whether or not ALD is involved in a lysosome pathway. In . 2nd and 3rd bars] , whereas NKCC1 protein expression increased when ALD (1 M) was combined with Fig. 1 . Aldosterone (ALD) increases activity levels and protein expression of Na ϩ -K ϩ -2Cl Ϫ cotransport protein (NKCC1). A: NKCC1 activity was determined through 86 Rb uptake, which was measured in an isosmotic solution containing 1 mM ouabain, at 2, 4, 8, and 12 h after ALD administration. B: HT-29 cells were treated with ALD for the times and doses indicated and lysed by RIPA buffer with cocktail protein inhibitors; proteins were resolved by SDS-PAGE. Western blot was probed sequentially with antibodies to NKCC1 and ␤-actin as the control. ALD treatment increases NKCC1 protein expression. The time frame of upregulation is from 2 h up to 24 h after application of ALD (1 M). C: further investigation revealed that the induction of NKCC1 by ALD (1 M) starts 30 -40 min after treatment. D: immunoblot of NKCC1 protein expression for different doses of ALD. The threshold for an effective dose of ALD on NKCC1 protein expression is on the order of only 10 pM. Bar graph results are means Ϯ SD from 3 independent experiments, the ordinate represents relative expression, defined as expression level relative to the time 0 or dosage point. E: increase in NKCC1 protein levels is mediated via the activation of mineralocorticoid receptors (MR). HT-29 cells were treated with or without a specific inhibitor of MR, eplerenone (20 M) , and then applied with 1 M ALD for the indicated times. NKCC1 protein expression was detected in cell lysates by a Western blot, using antibodies to NKCC1, and ␤-actin as a loading control. Open bar: control, nontreated sample; the vehicle was 100% alcohol, in which the ALD and eplerenone were dissolved. Statistical significance: ****P Ͻ 0.0001, ***P Ͻ 0.001, **P Ͻ 0.01, and *P Ͻ 0.05.
CQ (50 M) treatment (4th bar).
The combined treatment with MG-132 (20 M) and CQ (5th bar) on the induction of NKCC1 equals the effects of ALD and CQ together (4th bar) but exceeds those of ALD, CQ, or MG132 alone (2nd, 3rd, and 6th bars). Note that only when the lysosome pathway blocker CQ was used was their significant upregulation of LC3II and LAMP-2 expression levels. Taken together, these data suggest that ALD specifically suppresses the proteasomal degradation 
/Cl
Ϫ cotransporter (NCC) and NKCC1 has structural similarities to NCC (2) . As predicted from the results of Fig. 4 , the NKCC1 expression in the three groups (with or without ALD treatment, or ALD ϩ GSK 650394) was equal (Fig. 6, left and right bars) . Correspondingly, endogenous ubiquitinated NKCC1 was significantly reduced in the ALD-treated cells (middle bar), because fewer mono-and polyubiquitin bands were seen in the ALD treatment group relative to the cells in the non-ALD group (Fig. 6, compare left bar to middle bar) . Next, blocking SGK1 reduces the ability of ALD to suppress NKCC1 ubiquitination (Fig. 6, compare middle bar to right bar) . These Fig. 4 . Net result of inhibition of NKCC1 ubiquitination is an increase in its protein expression. A, top: cells were treated with 1 M ALD or proteasome inhibitor MG132 (20 g/ml), which prevents/reduces the degradation of proteins by ubiquitin-proteasome mechanisms, or the combination of ALD and MG132, for 3, 6, or 9 h. NKCC1 protein expression was detected by Western blot with ␤-actin as the control. B, top: cells were first treated with CHX (protein synthesis inhibitor, 20 g/ml) and then ALD (1 M) or MG132 (50 g/ml) or the combination of ALD/MG132 for 3, 6 or 9 h. For both A and B, open bars are the control, medium-shaded are ALD alone, light shading indicates MG132, and the dark shading designates the ALD ϩ MG132 combined condition. For each of these 4 conditions, the left bar represents 3 h, the middle bar represents 6 h, and the right bar designates 9 h. The relative expression of NKCC1 is plotted in the graphs for 3 independent experiments (bottom), with the same format as Fig. 1 . Statistical significance: ****P Ͻ 0.0001, ***P Ͻ 0.001, indicating a significant difference between the control condition and the other conditions. Fig. 5 . Ubiquitination, but not the lysosome pathway, is involved in the regulation of NKCC1 by ALD. To exclude the possibility that depletion of free ubiquitin by the prolonged MG-132 treatment triggered nonspecific inhibition of lysosome degradation of NKCC1 and investigate whether ALD is involved in a lysosome pathway, a parallel experiment with chloroquine (CQ) was performed. Here, the positive marks (ϩ) indicate application of ALD (1 M), MG132 (20 M), CQ (50 M), ALD ϩ CQ, and MG132 ϩ CQ for 9 h. An autophagosome marker, autophagy-related gene 8 named as light chain 3 (LC3), and the lysosome-associated membrane protein 2 (LAMP-2) were used as indicators of lysosome pathway activation (phagocytic activity) under treatment with CQ. Activation of lysosome pathway proteins is indicated as the increased expression of lysosome markers, LC3-I, -II, and LAMP-2 vs. controls (1st bar). ALD and MG-132 treatments achieved some induction of NKCC1 protein expression [1st bar (Control) vs. 2nd and 3rd bars] without increasing lysosome pathway markers (rows 2 and 3) . The induction of NKCC1 protein expression reached higher levels when ALD (1 M) was combined with CQ (50 M) treatment (4th bar). The effects of combined treatment with MG-132 (20 M) and CQ, (5th bar) on the induction of NKCC1 equal the effects of ALD and CQ together (4th bar) but exceed those of ALD, CQ, or MG132 alone (2nd, 3rd, and 6 bars). Note that only when the lysosome pathway blocker CQ was used was their significant upregulation of LC3II and LAMP-2 expression levels. These data suggest that ALD specifically suppresses the proteasomal degradation of NKCC1 without affecting its degradation via the lysosomal pathway. Bottom: mean data Ϯ SD bars; ****P Ͻ 0.0001, indicates the significance of control vs. 4th, 5th, and 6th bars; *P Ͻ 0.05, indicates the significance of control vs. the ALD and MG132 conditions alone. results, utilizing a complete endogenous system (autoubiquitination assay), confirm that ALD is responsible for the inhibition of the NKCC1 ubiquitination, likely mediated by SGK1-Nedd4 -2 activation.
ALD inhibits the degradation of NKCC1 through the SGK1-Nedd4 -2 pathway. Interaction between ENaC (a Na ϩ channel) and Nedd4 -2 is required for ENaC internalization and protein stability (2) . Specifically, Nedd4 -2 binds ENaC via a specific domain called the PY motif. Mutation of this domain induces a kidney disease called Liddle's syndrome. Since NKCC1 and NCCs belong to the cation Cl Ϫ cotransporters (CCCs), and the CCCs exhibit a common structure in their functional regulation domains, such as the membrane associated domain and the phosphoacceptor sites (42, 50), we hypothesize that there is a similarity in the regulation of NCC and NKCC1 inductions by ALD. To test this, we found that ALD increases the phosphorylation of SGK1 and Nedd4 -2 and concomitantly there is an increased induction of NKCC1 protein expression (Fig. 7 , middle bar). We also observed (Fig. 7 , compare middle bar to right bar) that the SGK1 inhibitor GSK 650394 (50 M) blocked phosphorylation of SGK1 and Nedd4 -2 but the total protein expressions of SGK1 and Nedd4 -2 showed no differences. Lastly, ALD in the presence of GSK 650394 did not increase protein expression of NKCC1 (Fig. 7 , compare middle bar to right bar). These data suggest that the most likely target of ALD in regulation of NKCC1 is the ALD-SGK1-Nedd4 -2 pathway.
Influence of ALD on NKCC1 transporter activity. It is possible that increasing NKCC1 protein expression may not have a significant physiological functional role unless there is a parallel increase in potassium transport activity. We hypothesize that the overall activity levels of NKCC1 are associated with its expression levels in cells. To test this hypothesis, a more efficient and sensitive method, fluorescence Ion flux assays was adopted to measure NKCC1 transporter activity. The signal intensity was analyzed using TI ϩ as a surrogate of K ϩ and a TI ϩ -sensitive fluorescent dye (FlixORTM) to visualize TI ϩ uptake through NKCC1 in single cells. The signal intensity corresponding to the relative K ϩ efflux was measured in a total of 24 cells. We found that when ALD was added to the culture medium, a marked increase in fluorescence was observed, reflecting upregulated TI ϩ uptake (Fig. 8) . Adding MG132 and the combination of ALD with MG132 had identical enhancements similar to the ALD treatment alone (Fig. 8,  3rd and 4th bars), since the fluorescence intensities were identical among them.
DISCUSSION
NKCC1 proteins play important roles in key physiological systems, including neural, cardiac, renal, and sensory systems. Correction of mis-regulation of the expression and functionality of NKCC1 that accompanies disease states and aging would have biotherapeutic and pharmaceutical implications. The present study demonstrates for the first time that this naturally occurring steroid hormone can precisely and sensitively regulate NKCC1 protein expression and accompanying functionality.
Additionally, the present investigation revealed that ALD exerts its regulatory effects on NKCC1 protein expression via mineralocorticoid receptors without altering mRNA levels. Prevailing evidence suggests that the mechanisms underlying rapid ALD effects, such as actions observed in the present study, can involve activation of protein kinases and secondary messenger signaling cascades and also modulation of the transcriptional action of ALD through mineralocorticoid receptors (24) . Additionally, rapid nongenomic effects of ALD have been recognized for some time, but whether or not mineralocorticoid receptors are involved remains controversial (14, 32, 55) . For example, spironolactone can have nongenomic actions in cases of diabetic retinopathy. Also, in the RCCD2 rat cell line, early increases in transepithelial sodium transport elicited by ALD are not associated with transcriptional events but operate through the PKC␣ signaling pathway. This is accompanied by serine and threonine phosphorylation of the endogenous mineralocorticoid receptors. Interestingly, activation of this PKC␣ signaling cascade appears as a key event in the development of the later genomic response; blockade of this initial pathway prevents the late response to ALD (18) . Additionally, nongenomic effects of ALD can be inhibited by specific mineralocorticoid receptor antagonists, such as eplerenone and water soluble RU28318 (31, 35) . Grossmann and colleagues (22, 36) proposed three possible ALD signaling pathways: genomic (mineralocorticoid receptor dependent), nongenomic (mineralocorticoid receptor dependent), and nongenomic (mineralocorticoid receptor independent). Our study suggests that the NKCC1 protein induction resides on the rapid nongenomic, mineralocorticoid receptor-dependent ALD pathway, since the time to start the enhancement of NKCC1 protein expression in response to ALD treatments is relatively short, is blocked by eplerenone, and shows no changes in mRNA levels.
Previous studies implicate posttranslational phosphorylation associated with NKCC1 expression changes (1, 9, 23, 25, 29, 44, 50) . In contrast, the present investigation is the first report that ALD exerts its effects on NKCC1 expression via prevention of posttranslational ubiquitination, e.g., reduces proteasome-dependent degradation of the NKCC1 protein.
Further, we explored the physiological action of NKCC1 in ALD induction. Stimulation of NKCC1 increases Na ϩ , K ϩ , and Cl Ϫ fluxes, as previously noted (16, 17, 23, 28, 49, 54) . Ion flux assays represent functional assays that measure efflux of ions through cotransporters such as NKCC1. Radioactive 86 Rb flux assays have been used effectively to study activity of a number of K ϩ channels and cotransporters and was employed in the present investigation. The cotransporter unidirectional efflux of Rb ϩ (as a tracer for K ϩ ) is an accepted method to measure cotransporter activity, despite it being bidirectional. Also, the net flux under physiological conditions is inward because of the inward gradients resulting from the equilibrium potentials for both Na ϩ and Cl Ϫ (28) . Recently, a fluorescent assay for the measurement of thallium ions through potassium channels was used to measure NKCC1 activity (30) . We utilized this methodology following the protocol of the Delpire group (21), since they and other groups have shown similar results between 86 Rb and FluxOR. This method uses TI ϩ as a surrogate of K ϩ , and a TI ϩ -sensitive fluorescent dye (Flix-ORTM) to visualize TI ϩ uptake through NKCC1 in single cells (27, 38, 59) . We found that addition of ALD to the media resulted in a marked increase in fluorescence of NKCC1 with both the 86 Rb and Tl ϩ methodologies. MG132 and the combination ALD and MG132 treatments have identical enhancements to ALD treatment alone. Combining the data from the experiments with ALD and MG132 effects on NKCC1 protein expression and the 86 Rb and TI ϩ uptake fluorescence studies, suggested that increasing NKCC1 protein expression involves increasing its functional activity levels.
Summary and conclusions. The present investigation demonstrated that NKCC1 protein expression can be sensitively regulated by application of the naturally occurring hormone ALD. Further experiments suggested that this expression regulation occurs via mineralocorticoid receptors and takes place utilizing mechanisms involving protein stabilization, i.e., reduction of NKCC1 ubiquitination. Since mis-regulation of Na ϩ and K ϩ , and/or declines in NKCC1 proteins are involved in many disease states and in aging, being able to precisely control NKCC1 expression levels and functionality has note- worthy biotherapeutic implications for improved clinical practice and drug development.
